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SUMMARY 

A simple  s iphon  method is described f o r   d e t e r m i n i n g   t h e   r e s i s t i v i t i e s  
o f   t h i n   h e a t - p i p e   w i c k s  as a f u n c t i o n   o f   t h e   p r e s s u r e   d i f f e r e n c e   b e t w e e n   t h e  
l i qu id   i n   t he   w ick   and   t he   vapor   above  it. The method was a p p l i e d   t o   w i c k s   o f  
one   l ayer   and   two  layers   o f  100-mesh (40 p e r   c e n t i m e t e r )   s t a i n l e s s - s t e e l   s c r e e n s  
d i f fus ion   bonded  t o  s t a i n l e s s - s t e e l   s u b s t r a t e s .  Some poss ib l e   improvemen t s   i n  
t h e  method are s u g g e s t e d .  

INTRODUCTION 

I n  t h e  u s u a l  m e t h o d   o f   d e t e r m i n i n g   t h e   r e s i s t i v i t y   o f  a hea t -p ipe   wick ,  a 
tes t  specimen is i n s e r t e d   i n t o  a t i g h t l y  fitting passageway  and a l i q u i d  is 
fo rced   t h rough  i t .  From t h e  p r e s s u r e   d r o p   a c r o s s  t h e  specimen,  t h e  volume  flow 
rate ,  t h e  dimensions  of  t he  specimen,  and t h e  v i s c o s i t y   o f  t h e  l i q u i d ,   t h e  wick 
r e s i s t i v i t y  is t h e n   r e a d i l y   d e t e r m i n e d .   F o r  a ve ry   t h in   w ick   such  as a s i n g l e  
l a y e r   o f   s c r e e n   b o n d e d   t o  i t s  s u b s t r a t e ,   h o w e v e r ,  t h i s  method is n o t   a p p l i c a b l e ,  
because when the p r e s s u r e   w i t h i n  the   wick  is a p p r e c i a b l y  less t h a n  t h a t  of t h e  
vapor  phase  above i t  ( a s  i n  t h e  e v a p o r a t o r   o f  a heat  p i p e ) ,  t h e  recessed men i sc i  
w i t h i n  t h e  i n t e r s t i c e s   r e d u c e   t h e   f l o w   c r o s s   s e c t i o n   a n d   t h e r e b y   i n c r e a s e  t h e  
r e s i s t i v i t y  ( ske tch  ( a ) ) .  For   such a w i c k ,   t h e   r e s i s t i v i t y  is a f u n c t i o n   o f  

1 
Thin  wick  with  internal 
pressure  a lmost   equal  
to ex terna l   p ressure  

Thin  wick  with low 
internal   pressure 

Sketch ( a )  

t h i s  p r e s s u r e   d i f f e r e n c e   a n d   o f  t he  surface t e n s i o n   o f  the  l i q u i d .  Any resis- 
t i v i t y   d e t e r m i n a t i o n   i n  which such  a t h i n  wick is e n c l o s e d   i n  a t i g h t l y   f i t t i n g  
passageway  would  have t o  be i n v a l i d ,   s i n c e  t h e  menisci   would be t h e r e b y  elim- 
ina t ed   and  t h e  m e a s u r e d   r e s i s t i v i t y  would  then be not   on ly   independent   o f  
i n t e r n a l   p r e s s u r e ,   b u t   a l s o   n o t   r e p r e s e n t a t i v e   o f   a n y   o p e r a t i n g   c o n d i t i o n .  

Ano the r   t ype   o f   w ick   fo r   wh ich   r e s i s t i v i ty   depends  on i n t e r n a l   p r e s s u r e  is 
t h e   s o f t  wick, such  as b l o t t i n g   p a p e r .  With  such a wick,   an excess o f   e x t e r n a l  
p r e s s u r e   o v e r   i n t e r n a l   p r e s s u r e   c o m p r e s s e s  t h e  wick ,   reducing  its t o t a l   c r o s s  
s e c t i o n   a n d  the  c r o s s   s e c t i o n s  of the i n t e r n a l   p a s s a g e s   a n d   t h e r e b y   i n c r e a s i n g  
the r e s i s t i v i t y .  

The p r e s e n t   n o t e  describes a s i m p l e   m e t h o d   o f   d e t e r m i n i n g   t h e   r e s i s t i v i t y  
of a t h i n   w i c k   o r  a s o f t  wick as a f u n c t i o n   o f   t h e   i n t e r n a l   p r e s s u r e .  The 



method  uses  a small spec imen   o f   t he   w ick   i n  a s iphon- type   a r rangement   in   which  
the   wick  is i n c l i n e d  so t h a t   g r a v i t y   c a u s e s   t h e   l i q u i d   t o   f l o w  down the   wick  
a g a i n s t   t h e   w i c k ' s   i n t e r n a l   r e s i s t a n c e .  The a r r angemen t  is s u c h   t h a t   t h e  inter-  
n a l   p r e s s u r e  is uniform a l l  a long   t he   w ick .  

The  method was v e r i f i e d   b y  tests of wicks of two d i f f e r e n t   c o n s t r u c t i o n s ,  
namely, a s i n g l e   l a y e r   a n d  a d o u b l e   l a y e r   o f  100-mesh (40 p e r   c e n t i m e t e r )  
s t a i n l e s s - s t e e l   s c r e e n   d i f f u s i o n   b o n d e d   t o  a s t a i n l e s s - s t e e l   s u b s t r a t e .  Two 
d i f f e r e n t  t es t  l e n g t h s ,  2.5 and 5.0 cm, were used   for   each   of   these   two  wick  
c o n s t r u c t i o n s .  

The s t u d i e s  described h e r e i n  are e s s e n t i a l l y   p r e l i m i n a r y  or  developmental  
i n   n a t u r e ,   w i t h  a ra ther  s i m p l e   a p p a r a t u s   a n d  a c o r r e s p o n d i n g   t e c h n i q u e ;  how- 
e v e r ,  t h e  f e a s i b i l i t y   a n d  basic s i m p l i c i t y   o f  t h e  method are c o n s i d e r e d   t o   h a v e  
b e e n   a d e q u a t e l y   e s t a b l i s h e d   b y   t h e   s t u d i e s .  

TEST SPECIMEN AND TEST METHOD 

Test specimen.-   Figure 1 d e p i c t s  a mounted t e s t  specimen. The f igu re   shows  
a s t a i n l e s s - s t e e l   p l a t e  ( the  s u b s t r a t e )   i n   w h i c h  t w o   s h a l l o w   r e s e r v o i r s  were c u t  
and   on to   wh ich   t he   w ick ,   cons i s t ing   o f  100-mesh (40 p e r   c e n t i m e t e r )   s t a i n l e s s -  
s teel  sc reen   shaped  as shown, was d i f fus ion   bonded .  The d i s t a n c e   b e t w e e n   t h e  
n e a r e s t  edges o f  t h e  two r e s e r v o i r s  is the nominal wick tes t  l e n g t h .   I n t o   t h e  
bottom of e a c h   r e s e r v o i r  is i n s e r t e d  a s h o r t   l e n g t h   o f   s t a i n l e s s - s t e e l   t u b i n g ,  
sealed i n   p l a c e   w i t h   a n   e p o x y   c e m e n t .  

Four  such  mounted t e s t  specimens were made u p :   t w o   d i f f e r e n t   d i s t a n c e s  
be tween  reservoi rs ,   namely  2.54 and 5.08 cm; and   two   d i f f e ren t   w ick   cons t ruc -  
t i ons ,   name ly   one   t h i ckness   and   two   t h i cknesses  of 100-mesh (40  p e r   c e n t i m e t e r )  
s t a i n l e s s - s t e e l   s c r e e n .  

Test a r rangement   and   theory . -   F igure  2 shows t h e  t es t  s e t u p  t h a t  was used .  
T h e   w i c k ,   w h i c h   c o n s t i t u t e s   t h e   o n l y   s i g n i f i c a n t   f l o w   r e s i s t a n c e   i n  t h e  s i p h o n  
c i r c u i t ,  is i n c l i n e d  a t  4 5 O .  Leng ths   o f   rubbe r   t ub ing   ex tend   f rom  the   sho r t  
r e s e r v o i r   t u b e s  down i n t o  t es t  t u b e s   c o n t a i n i n g  water. The t e s t  tube  on the  
l e f t  is f i l l e d  t o   t h e  b r im so  t h a t   t h e  water, as it  s i p h o n s   o v e r   i n t o   t h e   t u b e ,  
s i m p l y   s p i l l s   o v e r ,   t h e r e b y   m a i n t a i n i n g  a c o n s t a n t   l e v e l .  The tes t  tube   on   t he  
r i g h t  is f i l l e d  t o  a marked l e v e l   a n d   c a r e f u l l y   m a i n t a i n e d  a t  t h a t  l e v e l  by 
add ing  water, d r o p w i s e ,   t o   r e p l a c e  t h a t  which   s iphons   over   th rough  the   wick .  
The e f f e c t i v e  water l e v e l s   i n   t h e  two tes t  t u b e s  are a t  e q u a l   d i s t a n c e s   f r o m  
t h e   r e s p e c t i v e   e n d s   o f   t h e  wick t es t  l eng th .   Thus ,   t he   two   ends   o f   t he   w ick  
are ma in ta ined  a t  t h e  same h y d r o s t a t i c   p r e s s u r e ,  so  that  t h e  ra te  o f   f l ow  a long  
the   wick  is de termined   on ly  by the   equ i l ib r ium  be tween   t he   downward-d i r ec t ed  
g r a v i t y   f o r c e  on t h e   l i q u i d   a n d  t h e  o p p o s i t e l y  directed w i c k   r e s i s t a n c e .  Fur- 
t he rmore ,  t h e  i n t e r n a l   p r e s s u r e  a l l  a l o n g   t h e  wick is uniform  and known, s i n c e  
it m u s t   e q u a l   t h e   p r e s s u r e   a p p l i e d   t o   t h e   t w o   e n d s   ( s k e t c h   ( b ) ) .  
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Ske tch   (b )  

Test p r o c e d u r e . -   E s s e n t i a l l y   t h e  tests c o n s i s t  of measur ing ,  for  s e v e r a l  
h e i g h t s  h of the   w ick   above   t he  t es t  t u b e s ,   t h e  times r e q u i r e d  for  1 m l  o f  
water t o  s i p h o n   o v e r .   I n   g e n e r a l   a b o u t   f o u r  o r  f i v e   d i f f e r e n t   w i c k   i n t e r n a l  
p r e s s u r e s  ( o r  d i f f e r e n t   h e i g h t s  h o f   t he   w ick   above   t he  water leve l  i n   t h e  
tes t  t u b e s )  were used ,  starting w i t h   t h e  l ea s t  s u c t i o n   ( t h e  smallest h e i g h t ) .  
Water was added t o  t h e   r i g h t - h a n d  t e s t  t u b e   u n t i l  i ts l e v e l  was s l i g h t l y   a b o v e  
the  mark,  and a s topwatch  was s t a r t e d  when the   bo t tom  o f   t he   men i scus  f e l l  t o  
t h e  mark. Water was added ,   d ropwise ,   t o   keep  t h e  meniscus a t  t h e  mark.  The 
time r e q u i r e d  t o  add a t o t a l  of 1 m l  of water was no ted   and ,   w i thou t   s topp ing  
t h e   w a t c h ,  a second milliliter of water was s t a r t e d ,  and so  on .   Usual ly ,  3 or  
4 m l  were a d d e d   a l t o g e t h e r   i n   t h i s  way, m a i n l y   i n   o r d e r  t o  check   the   reproduc-  
i b i l i t y  of t h e  time measurements.  

After the  measurements  fo r  t h e  least  s u c t i o n  were comple t ed ,   t he   s iphon  
was r a i s e d   a b o u t  2 t o  3 cm a n d   a n o t h e r  s e t  of  measurements was made. F u r t h e r  
se t s  of  measurements were made w i t h   s u c c e s s i v e l y  greater s u c t i o n   h e a d s   u n t i l  
e i t h e r   ( a )   t h e   s u c t i o n  was enough t o  draw a i r  t h r o u g h   t h e   w i c k   i n t o   t h e  reser- 
voi r   and   tube   and   thereby   break   the   s iphon,  o r  ( b )   t h e   f l o w  rate became  very 
l o w ,   o f t e n   a l s o   i r r e p r o d u c i b l e .  

Notes on the   t echnique . -   Fol lowing  are s e v e r a l   n o t e s   c o n c e r n i n g   t h e   t e c h -  
n i q u e .  They may n o t  a l l  a p p l y  when more s o p h i s t i c a t e d   s e t u p s  are used .  

( 1 )  A s  t h e  water s i p h o n s   o v e r   i n t o   t h e  lower tes t  t u b e ,  a convex  meniscus 
forms a t  t h e   t o p   ( s k e t c h   ( c ) ) ,   w h i c h  - when i t  is high  enough - suddenly   over -  
f lows  with a sudden small, b u t   a p p r e c i a b l e ,   r e d u c t i o n   i n   m e n i s c u s   h e i g h t .  The 
i n t e r n a l   p r e s s u r e  a t  t h e  lower end   o f   t he   w ick   d rops   co r re spond ing ly ,  so t h a t  

S k e t c h   ( c )  
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the p r e s s u r e  is n o   l o n g e r   q u i t e  t h e  same a t  both e n d s  of t he  wick. The problem 
was e l imina ted   by  attaching a t i n y   s t r i p  of b l o t t i n g   p a p e r   t o   t h e   o u t e r  edge of 
t he  test  t u b e .  The s t r i p ,   a b o u t  1 mm wide and 1 cm l o n g ,  i s  attached so  t h a t  
i t  p r o t r u d e s   a b o u t  1 m above   the  edge ( s k e t c h  ( d l ) .  Then as the  water is 

Sketch ( d l  

s i p h o n e d   i n t o  the tes t  t u b e ,  the  l e v e l  is m a i n t a i n e d   c o n s t a n t  by a small stream 
o f  water t h a t  e x t e n d s   a c r o s s  the t e s t - t u b e  rim t o  t h e  b l o t t i n g   p a p e r ,  which 
s i p h o n s  it away  and l e t s  it run down the  o u t s i d e   o f  t he  tes t  t u b e .  

( 2 )   I n  t h e  uppe r  t e s t  t u b e ,  a concave  meniscus raises t h e  water l e v e l   a b o u t  
2 t o  3 rn above the  z e r o - p r e s s u r e   l e v e l .  T h i s  h e i g h t  c o r r e c t i o n  is determined 
by c o n n e c t i n g  a p i e c e   o f   t h e   t u b i n g  as a s iphon  between  the  two tes t  tubes ,   and  
a t  equ i l ib r ium  (no   f l ow)   measu r ing  the  d i f f e r e n c e   i n   h e i g h t   b e t w e e n  the water 
l e v e l s   i n  t h e  two t e s t  t u b e s  ( s k e t c h  ( e ) ) .  

t ion 

Sketch ( e >  

(3)  The t i n y   m e n i s c i   i n  t h e  s c r e e n s   o v e r  t h e  r e s e r v o i r s   c a n n o t   w i t h s t a n d  
q u i t e  as much s u c t i o n  as t h e   m e n i s c i   i n  t he  bonded wick. Fur thermore ,   they  are 
e s p e c i a l l y   v u l n e r a b l e   d u r i n g  a h e i g h t   a d j u s t m e n t ,   s i n c e  a s l i g h t  upward jerk of 
t he  tes t  specimen  can draw a i r  through the s c r e e n   a n d   s p o i l  t h e  s i p h o n i n g   a c t i o n  
I n   o r d e r   t o   m i n i m i z e  these problems, a small pad of p a p e r ,  made o f   a b o u t  24 
t h i c k n e s s e s   o f  fac ia l  t issue,  was p l a c e d   o v e r   e a c h   r e s e r v o i r .   S i n c e  the pads 
extend  beyond t h e  edges of the r e s e r v o i r s   a n d   h a v e   r e l a t i v e l y  small r e s i s t i v i t y ,  
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t h e  e f f e c t i v e  t es t  l e n g t h s   o f  t h e  wicks are t h e r e b y   r e d u c e d   t o  less t h a n   t h e  
d i s t a n c e   b e t w e e n   t h e   n e a r e s t  edges o f   t he   two   r e se rvo i r s .  It is t h i s   r e d u c e d  
l e n g t h   t h a t  is shown as t h e  e f f e c t i v e  wick l e n g t h   i n   f i g u r e   2 .  T h i s  item is 
d i s c u s s e d   f u r t h e r   i n  a l a te r  s e c t i o n   o f  t h i s  r e p o r t .  

(4) Evapora t ion   f rom t h e  wick  during a t e s t  i n t r o d u c e s  a small i n a c c u r a c y .  
A s e p a r a t e  t es t  w i t h  a ho r i zon ta l   nons iphon ing  5.08-cm wick  showed  an  evapora- 
t i o n  ra te  o f   abou t  0.4 ml /hr .   Presumably ,   dur ing  a s i p h o n i n g  t e s t ,  ha l f  o f  t h i s  
e v a p o r a t i o n  would occur   upstream  of  the wick midpoint   and  half   would  occur  down- 
stream of the wick  midpoint .  A t  t h e   m i d p o i n t ,  where the a v e r a g e   f l o w   e x i s t s ,  t h e  
c o r r e s p o n d i n g   r e d u c t i o n   i n   f l o w  rate f o r   t h e  wicks should   then  be 0 .2  ml /h r .  
Thus ,   fo r   example ,   i n  a t es t  o f  a 5.08-cm, one-layer   wick  in   which 1 m l  o f  water 
is added d ropwise   t o   t he   uppe r  test t u b e   i n   a b o u t  6 minu tes ,   t he   ave rage   f l ow 
a l o n g  t h e  wick o v e r   t h i s   p e r i o d  is a c t u a l l y  less t h a n  1 m l  by t h e  amount 
0.2 x 6/60 = 0.02 m l .  For a t r u e   a v e r a g e   f l o w   o f  1 m l ,  t h e n ,  t he  time shou ld  be 
i n c r e a s e d  by 2 p e r c e n t .  The c o r r e c t i o n s  would be less f o r  t h e  2.54-cm wicks 
(less e v a p o r a t i o n  area) a n d   f o r  the two-layer  wicks (less time). 

( 5 )  Another e f fec t  o f   e v a p o r a t i o n  is t h a t  i t  r e d u c e s  t h e  t e m p e r a t u r e   o f  
t h e  wick  below t h a t  o f  t h e  ambient  a i r  and  of  the "feed water" i n   t h e   u p p e r  
tes t  t u b e .  S u r f a c e   t e n s i o n  (which de te rmines  t h e  depth   o f  t h e  m e n i s c i )  is n o t  
g r e a t l y   i n c r e a s e d  by such a t e m p e r a t u r e   r e d u c t i o n ,   b u t   v i s c o s i t y  is s i g n i f i -  
c a n t l y   i n c r e a s e d  - abou t  12 p e r c e n t   f o r  a 5 O  C t e m p e r a t u r e   r e d u c t i o n .  After 
t h e  p r e s e n t  small tes t  se r ies  was completed,  a thermocouple was attached t o  
t h e  bottoms  of t h e  s u b s t r a t e s   o f   b o t h   l o n g e r  t e s t  spec imens ,   and   tempera ture  
measurements were made wh i l e  some o f   t h e   s i p h o n i n g  tests were r e p e a t e d .  It was 
found t h a t ,  f o r  t h e  t h e n   e x i s t i n g   l a b o r a t o r y   c o n d i t i o n s ,  wick t e m p e r a t u r e s  were 
indeed   nea r ly  5 O  C below t h a t  o f   t h e  room and  of  the feed water. The d i f f e r -  
e n c e   c o r r e s p o n d s   t o  a v i s c o s i t y   i n c r e a s e  of   about  10 t o  1 1  pe rcen t   and  a c o r -  
r e s p o n d i n g   r e s i s t a n c e   i n c r e a s e   o f  t h e  same amount.  During some o f  t h e  e a r l i e r  
tests, t h e  a i r  humidi ty  was very  low  and t h e  t e m p e r a t u r e   d i f f e r e n c e  may well 
have  been greater .  It is a p p a r e n t ,   t h e n ,  t h a t  wick t empera tu re   r ead ings  are  
e s s e n t i a l  i f  c o n s i s t e n t  s e t s  o f   r e s i s t i v i t y   d e t e r m i n a t i o n s  are t o  be o b t a i n e d .  

( 6 )  I n  mak ing  t h e  s e t u p ,  t h e  s iphon  must  be f i l l e d  w i t h  water w i t h o u t  
l e a v i n g  a i r  b u b b l e s   i n  t h e  r e s e r v o i r s  o r  t u b e s .  I n  t h e  p re sen t   work ,  t h e  f i l l -  
ing was accomplished by p u t t i n g   t h e   s p e c i m e n   u p s i d e  down i n t o  a d i s h  of water 
a n d   a p p l y i n g   s u c t i o n   t o   t h e   e n d s   o f  t he  r u b b e r   t u b e s .  

TEST RESULTS 

The t es t  r e s u l t s  are shown i n   f i g u r e  3 ,  where   t he  time f o r  1 m l  of water 
t o   s i p h o n   o v e r  is p l o t t e d   a g a i n s t  the  s u c t i o n  head ( t h e  i n t e r n a l   w i c k   p r e s s u r e ) .  
Each p o i n t   r e p r e s e n t s  t h e  a v e r a g e   o f   t h r e e   t o   f i v e   m e a s u r e m e n t s ,   t h e  sca t te r  o f  
which  seldom  exceed  +2  percent  from t h e  average.   The same r e s u l t s ,   c o n v e r t e d  
t o   r e s i s t i v i t y ,  are p l o t t e d   i n   f i g u r e  4. R e s i s t i v i t y  is here d e f i n e d  as 
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where 

W wick w i d t h ,  cm 

R wick length   (be tween  pads)  , cm 

lJ l i q u i d   v i s c o s i t y ,   p o i s e s ,  ( 1  p o i s e  = 1 dyn-sec/cm2) 

V volume  flow rate,  cm3/sec 

* P r   r e s i s t a n c e   p r e s s u r e   d r o p ,  dyn/cm2 

I n  t h e  present   method Apr is t h e  i n c r e m e n t   i n   g r a v i t y  head be tween   t he  
upper   and  lower  ends  of  the wick tes t  l e n g t h ,  PgR s i n  45O, where 

P l i q u i d   d e n s i t y ,  g/cm3 

g a c c e l e r a t i o n  of g r a v i t y ,  980 cm/sec2 

I n  these cgs u n i t s ,   r e s i s t i v i t y   h a s  t h e  d imens ion   cen t ime te r -3 .  Estimated co r -  
r e c t i o n s   f o r   e v a p o r a t i o n   a n d   f o r   t e m p e r a t u r e   h a v e   b e e n   i n c l u d e d   i n  t he  compu- 
t a t i o n   o f  t h e  r e s i s t i v i t i e s   p l o t t e d   i n   f i g u r e   4 .  

Each o f  t h e  f o u r  sets of wick tes t  data p l o t t e d   i n   f i g u r e  3 shows  consid- 
erable i n t e r n a l   c o n s i s t e n c y ,   s i n c e  t h e  p o i n t s  l i e  on  smooth  curves - which are 
n e a r l y  s t r a i g h t  l i n e s ,   e x c e p t   f o r  the v e r y  l a s t  p o i n t s  on  two of  t he  c u r v e s  
( t h e  c u r v e s   f o r  t h e  one - l aye r ,  2.5-cm wick and the two- l aye r ,  5-cm wick) .  No 
measurements a t  h igher  s u c t i o n  were a t t e m p t e d   f o r  these two c u r v e s ,   s i n c e  these 
two p o i n t s  were c l e a r l y   c l o s e   t o  t h e  e n d s   o f  t h e  u s e f u l   r a n g e s   o f   o p e r a t i o n   o f  
t he  wicks; i n  f ac t ,  o p e r a t i n g  a t  even these two p o i n t s  would n o t   b e   c o n s i d e r e d  
safe.  For each of t h e  o t h e r  two w i c k s ,  the s i p h o n   b r o k e  ( t h a t  i s ,  a i r  was 
pu l l ed   t h rough  the  wick) a t  t h e  las t  p o i n t  wh i l e  t h e  f o u r t h  milliliter was 
be ing  added .  These two po in t s ,   t hen ,   mus t   be   cons ide red  as  s l i g h t l y  beyond t h e  
u s e f u l   r a n g e s   o f   o p e r a t i o n   o f  the two wicks .  

The bo t tom  cu rve   o f  f igure 3 was o b t a i n e d  a f t e r  t h e  o t h e r  tes ts  were com- 
p l e t e d ,   i n   a n   e f f o r t   t o   v e r i f y  t h e  assumed l o w   r e s i s t a n c e   o f  the paper   pads .  
A sheet o f  the facial  t i s s u e  was f o l d e d   t o   p r o v i d e  t h e  same number o f  t h i c k -  
n e s s e s  as the pads,  and i t  was t h e n   c u t   t o  a shape l i k e  t h a t  of  t h e  s c r e e n  wick 
shown i n   f i g u r e  1 .  It was then  superimposed  on t h e  5.08-cm,  one-layer wick and 
tested i n  the  same manner as t h e  wicks.  I n  e f f ec t ,  the tes t  determined the  
r e s i s t i v i t y   o f  t h e  combination  of t h e  one - l aye r  wick and t h e  pape r  pad i n   p a r -  
a l l e l .  The r e s u l t s  are similar t o   t h o s e   f o r  t h e  s c r e e n  wicks;  a l s o ,   a g a i n  t he  
s iphon  broke  a f t e r  two time measurements a t  t h e  last p o i n t  (h ighes t  s u c t i o n ) .  
The c u r v e  is n o t  low e n o u g h   t o   j u s t i f y  t h e  assumption that  t h e  pads  had  negl i -  
g i b l e  r e s i s t i v i t y ;  ra ther ,  i t  i n d i c a t e s  t h a t  t h e  pads had a b o u t  t h e  same resis- 
t i v i t y  as the   two- layer  wicks .  When t h e  pad was used   wi th  t h e  one-layer  wick, 
t h e  r e s i s t i v i t y   o f  t h e  combinat ion was a b o u t   0 . 2 5   t o   0 . 3 0  times t h a t  o f  t h e  one- 
l a y e r  wick, which is i n   r o u g h l y   s a t i s f a c t o r y   a g r e e m e n t  w i t h   t h e  a s sumpt ion ;  when 
i t  was used w i t h  t h e  two-layer  wick, t h e  r e s i s t i v i t y   o f   t h e   c o m b i n a t i o n  was abou t  
0 .5  times t h a t   o f  t he  two-layer wick a l o n e ,  which is much less s a t i s f a c t o r y .  



B o t h   t h e   c u r v e s   f o r   t h e  5.08-cm wicks l i e  well be low  the   cor responding  
c u r v e s   f o r   t h e  2.54-cm wicks .   In   bo th  cases, the d i f f e r e n c e s  seem r a t h e r  more 
than   can  be e x p l a i n e d  by tempera ture   and   humidi ty   d i f fe rences   (h igh   humidi - ty  
wou ld   r educe   evapora t ive   coo l ing   o f   t he  wick) .  P o s s i b l y   t h e   d i f f e r e n c e s  re f lec t  
s l i g h t   d i f f e r e n c e s   i n   t h e   d i f f u s i o n - b o n d i n g   c o n d i t i o n s   f o r   t h e   s h o r t   a n d   t h e  
long wicks .   However ,   s ince   these  tests were on ly   deve lopmen ta l ,   no   e f fo r t  was 
made t o   e x e r c i s e   t h e   u s u a l   e x t r e m e  care i n   p u r i f y i n g   t h e   l i q u i d ,   c l e a n i n g   t h e  
w i c k ,   a n d   a v o i d i n g   c o n t a m i n a t i o n   t h a t   c h a r a c t e r i z e s   c a r e f u l   h e a t - p i p e   r e s e a r c h .  
Accord ing ly ,   t ho rough   ana lys i s   and   d i scuss ion   o f  t h e  p r e s e n t  data are h a r d l y  
j u s t i f i e d .  

EFFECT  OF  REYNOLDS NUMBER 

For f low rates near   those   o f  the  p r e s e n t  tests, Reynolds-number e f fec ts  
shou ld  be n e g l i g i b l e .  A s i m p l e   p a i r   o f  t e s t s  was made t o   v e r i f y   t h i s  fac t :  

( 1 )  A tes t  similar t o   t h o s e   p r e v i o u s l y  d e s c r i b e d  and i l l u s t r a t e d   i n  
f igu re   2 .   On ly   one   suc t ion  head (4.60 cm o f  water) was used .  

( 2 )  A similar t e s t  w i t h  t h e  same s u c t i o n  head b u t  w i t h  the s l o p e   o f  t h e  
wick r educed  from 45O t o  20042' i n   o r d e r   t o   h a l v e  t h e  p r e s s u r e   g r a d i e n t  

1 

2 
s i n  20°42' = - s i n  450 

I n  t h e  second case, w i t h  t h e  p r e s s u r e   g r a d i e n t   h a l v e d ,  t h e  flow rate  shou ld  
be ha lved ,  or t h e  time f o r  1 m l  of  water t o   s i p h o n   o v e r   s h o u l d  be doub led .  
The mean measured times were, respec t ive ly ,   6 .4   minutes   and   12 .4   minutes .  The 
second reading is approx ima te ly  twice t h e  f irst ,  a n d   c o r r e c t i n g   f o r   e v a p o r a t i o n  
would make t h e  agreement  even be t t e r .  Such   exce l len t   agreement  is p e r h a p s   f o r -  
t u i t o u s ,  b u t  i n   a n y  case the  comparison is s u f f i c i e n t   n o t   o n l y   t o   i n d i c a t e  t h a t  
scale e f fec t  on r e s i s t i v i t y  is n e g l i g i b l e   i n  t h i s  small r a n g e ,   b u t   a l s o   t o  
demons t r a t e  a degree o f   i n t e r n a l   c o n s i s t e n c y   i n  t h e  tes t  r e s u l t s .  

A s  e x e m p l i f i e d  by t h i s  agreement ,   Darcy 's  law o f   c o n s t a n t   r e s i s t i v i t y ,  
o r i g i n a l l y   u s e d   i n   s t u d i e s   o f   g r o u n d - w a t e r   s e e p a g e ,  h a s  been   genera l ly   found 
a p p l i c a b l e   t o   l o w - s p e e d   f l o w s   a l o n g  wicks,  fo r   wh ich  t h e  local   Reynolds   numbers  
i n  the f low  passages  are very  low.  The loca l   Reyno lds   numbers   i nvo lved   i n  the  
p r e s e n t   s t u d i e s ,   a n d   a l s o   i n  many p r a c t i c a l   h e a t - p i p e   a p p l i c a t i o n s ,  are ,  i n  
f ac t ,  very  low.  If t h e  one - l aye r  wick is assumed t o   c o n t a i n  40 p a r a l l e l   t u b e s  
p e r   c e n t i m e t e r  of w i d t h ,  each 1/80 crn i n  diameter, the   Reynolds   numbers   o f   the  
f low  through t h e  t u b e s   i n   t h e s e  45O s l o p e  tests are of t h e  order   o f   0 .4 .   The  
Reynolds  numbers  must be much larger b e f o r e  there is s i g n i f i c a n t   d e v i a t i o n   f r o m  
Darcy 's  law o f   c o n s t a n t   r e s i s t i v i t y ;   a c c o r d i n g l y ,   l o w - R e y n o l d s - n u m b e r   s t u d i e s  
l i k e  t h o s e  described h e r e i n   w o u l d   p r o v i d e   r e s u l t s  t h a t  are a p p l i c a b l e   t o  many 
h e a t   p i p e s   d e s i g n e d   f o r   l o w  o r  medium rates o f   t r a n s f e r .  

T h i s   c o n s t a n t - r e s i s t i v i t y   r a n g e ,   h o w e v e r ,  may well be e x c e e d e d   i n  heat- 
p i p e   e v a p o r a t o r s   w i t h   h i g h  rates o f   h e a t   t r a n s f e r ,   i n  which t h e  l i q u i d  is n e a r l y  
c o m p l e t e l y   e v a p o r a t e d   w i t h i n  a few millimeters f rom  the   foo t   o f  t h e  a r t e r y  ped- 
es ta l .  Such high h e a t i n g  rates are qu i t e   poss ib l e   and   have   been   demons t r a t ed  
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f o r   w i c k s  of t he  p r e s e n t   t y p e   w i t h   h e a t   s u p p l i e d   b y   a n   a c e t y l e n e  flame. Local  
flow  Reynolds  numbers for these h i g h   h e a t i n g  rates may be o f   t h e   o r d e r   o f  100, 
for which r e s i s t i v i t i e s   m e a s u r e d  a t  Reynolds  numbers of 0.4 would h a r d l y  be 
a p p l i c a b l e .  

S u c h   h i g h   h e a t i n g  ra tes ,  h o w e v e r ,   d o   n o t   a c t u a l l y  seem t o   r e p r e s e n t  cases 
o f   p r a c t i c a l   i n t e r e s t .   H e a t i n g  rates o f   a b o u t   o n e - t e n t h  as much (65 t o  70 W/cm2) 
are m o r e   r e p r e s e n t a t i v e  of p r a c t i c a l  "extreme" cases; and   coo l ing  for such cases 
by means o f   one - l aye r  wicks has   been   demonst ra ted .   Correspondingly ,   wi th   one-  
t e n t h  as much f low ra te ,  the   Reyno lds  number  would be reduced   and   the  resis- 
t i v i t y  is much more l i k e l y   t o  be c l o s e   t o   t h a t   m e a s u r e d   i n  tests such as t h o s e  
h e r e i n  descr ibed.  

SUGGESTIONS FOR DESIGN  MODIFICATIONS 

Some m o d i f i c a t i o n s   o f   t h e   d e s i g n  o r  t e c h n i q u e   h a v e   a l r e a d y   b e e n   i n d i r e c t l y  
s u g g e s t e d   i n   t h e   p r e c e d i n g  text.  The most   impor tan t   o f  these are  means of p re -  
v e n t i n g   e v a p o r a t i o n   f r o m  the wick  and a means   o f   measur ing   the   wick   tempera ture .  
For p r e v e n t i n g   e v a p o r a t i o n ,  i t  is n o t   n e c e s s a r y  t o  e n c l o s e  t h e  e n t i r e   s e t u p ;  a 
small c lear  p l a s t i c   c o v e r   o v e r   t h e   t o p ,  as i n d i c a t e d   i n   t h e   s k e t c h ,   o u g h t   t o  
s u f f i c e .  The wall o f   t h e   p l a s t i c   c o v e r   m u s t   n o t  be i n   c o n t a c t  w i t h  t h e  edge 
of t h e  wick. (See  r e f .  1 .  ) 

A thermocouple ,   spot -welded   to  the  wick s u b s t r a t e   ( s k e t c h  ( f )  ) is a s i m p l e  
approach   t o   measu r ing   t he   w ick   t empera tu re .  

Plastic  cover 3 

Therrnocouplel  

Ske tch  ( f )  

F i g u r e  2 shows rather s h a r p   b e n d s   i n  t h e  rubbe r   t ub ing   j u s t   be low  the   w ick  
s u p p o r t .  The s t rong   t endency  of t h e s e   b e n d s   t o   s t r a i g h t e n   o u t  made eve ry  t es t  
se tup   somewhat   p recar ious .  Long s t a i n l e s s - s t e e l   t u b e s   i n s e r t e d   i n t o  t h e  reser- 
v o i r s  a t  a n   a n g l e   o f  4 5 O  ( s k e t c h  ( g ) )  would o b v i a t e   t h i s   p r o b l e m   a n d  make t h e  
a p p a r a t u s  easier  t o   u s e .  
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Sketch  (g>  

It migh t   be   bes t   t o   r ep lace   each   pape r   pad   w i th  a s i n g l e   t h i c k n e s s   o f  a 
s o f t  t h i n   p a p e r ,   a n d   c o n s i d e r   t h e  wick l e n g t h  as t h e   t o t a l   d i s t a n c e   b e t w e e n   t h e  
closest  e d g e s   o f   t h e   r e s e r v o i r s .  If t h i s   d i s t a n c e  i s  a t  least  5 cm, t h e  small 
u n c e r t a i n t y   i n   d e f i n i n g   t h e   e f f e c t i v e   w i c k   l e n g t h   s h o u l d   n o t   b e   s i g n i f i c a n t .  

CONCLUDING REMARKS 

A r e l a t i v e l y   s i m p l e  method  has   been  descr ibed for  d e t e r m i n i n g   t h e   r e s i s t i v -  
i t y  of t h i n   h e a t - p i p e   w i c k s  as a f u n c t i o n  of t h e   i n t e r n a l   p r e s s u r e .  The  method 
p r o v i d e s   r e s i s t i v i t i e s   f o r  low-speed flows through  the   wick;   however ,  t h e  r e s u l t s  
are  p r o b a b l y   s a t i s f a c t o r i l y   a p p l i c a b l e   o v e r   t h e   e n t i r e   o p e r a t i n g   r a n g e s   o f  most 
h e a t   p i p e s .   R e s i s t i v i t i e s  were measured  for   one-   and  two-layer ,  100-mesh 
(40 p e r   c e n t i m e t e r )   s t a i n l e s s - s t e e l   w i c k s  bonded t o  s t a i n l e s s - s t e e l   s u b s t r a t e s .  
Suggested  improvements i n  t h e   a p p a r a t u s  are m a i n l y   f o r   t h e   p u r p o s e s   o f   s i m p l i -  
f y i n g  i ts  adjustment   and  avoiding  problems  caused by evapora t ion .  

Langley   Research   Center  
Na t iona l   Aeronau t i c s   and   Space   Admin i s t r a t ion  
Hampton, VA 23665 
August 28,  1978 
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F i g u r e  1.-  Wick sample  mounted  on t h e  s u p p o r t .  
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,-Paper  pad 

F i g u r e  2.- Test a r rangement .  
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F i g u r e  3.- Exper imen ta l   da t a :  time f o r  s i p h o n i n g  1 m l  of water p l o t t e d  
a g a i n s t   s u c t i o n   h e a d .  
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